Chinese hamster ovary (CHO) cells with 25OH caused a 50 -70% reduction in Golgi-associated immunoreactive PI-4P that correlated with Golgi localization of OSBP. In contrast, 25OH caused an OSBP-dependent enrichment in Golgi PI-4P that was detected with a pleckstrin homology domain probe. The cellular mass of phosphatidylinositol monophosphates and Golgi PI-4P measured with an unbiased PI-4P probe (P4M) was unaffected by 25OH and OSBP silencing, indicating that OSBP shifts the distribution of PI-4P upon localization to ER-Golgi contact sites. The PI-4P and sterol binding activities of OSBP were both required for 25OH activation of sphingomyelin synthesis, suggesting that 25OH must be exchanged for PI-4P to be concentrated at contact sites. We propose a model wherein 25OH activation of OSBP promotes the binding and retention of PI-4P at ER-Golgi contact sites. This pool of PI-4P specifically recruits pleckstrin homology domain-containing proteins involved in lipid transfer and metabolism, such as CERT.
The unique membrane composition of organelles is predicated on intrinsic lipid metabolism, as well as lipid trafficking to and from other membranes. In mammalian cells, the endoplasmic reticulum (ER) 2 is the primary but not exclusive site for de novo synthesis of lipid and sterols (1) , which are then exported to other organelles. The limited aqueous solubility of lipids and sterols necessitates that transport from the ER and other organelles occurs in secretory vesicles or by lipid-binding proteins that mediate monomeric transfer by diffusional and/or membrane contact-site mechanisms (2) . Unlike bulk transfer in secretory vesicles, binding proteins could mediate the site-specific transfer of their lipid cargo at opposing membranes. Alternatively, lipid-binding proteins may not be involved in transfer per se but instead regulate lipid-sensing or signaling pathways (3) .
Approximately 0.2% of mammalian genomes encode proteins that are implicated in lipid transfer. A majority are proteins consisting of only a binding fold that accommodates a single hydrophobic ligand. A subset of lipid-binding proteins have additional protein-and lipid-interacting domains that mediate differential targeting to cellular organelles (4 -6) . The latter group is typified by the eukaryotic oxysterol-binding protein (OSBP) gene family whose 12 members share a conserved C-terminal OSBP-homology domain (OHD) that binds lipophilic ligands (7) . The founding member of the family, OSBP, was identified in the 1980s based on high affinity binding of the side chain-hydroxylated sterol, 25-hydroxycholesterol (8) . However, it is now apparent that OSBP and OSBP-related proteins (ORPs) bind a variety of ligands, including cholesterol, ergosterol, oxysterols, phosphatidylinositol 4-phosphate (PI-4P), and phosphatidylserine (PS) (9 -12) . Structural analysis of Saccharomyces cerevisiae Osh4 and Osh3 complexed with PI-4P revealed ionic interactions between the phosphoinositol headgroup and two histidine residues at the entrance of the lipid binding pocket (13, 14) . Because these histidine residues are conserved in all OSBP homologues, PI-4P binding is a core function. Most members of the OSBP family also have pleckstrin homology (PH) and two phenylalanines in an acidic tract domain that mediate interaction with phosphatidylinositol polyphosphate-enriched membranes and the ER, respectively. Thus OSBP/ORP transfer or signaling functions could occur at contact sites between closely apposed membranes.
Recent evidence suggests that OSBP/ORP and Osh proteins catalyze the exchange of cholesterol, ergosterol, PS, and PI-4P between membranes (14 -17) . In the case of OSBP, net transport of cholesterol from the ER to the Golgi apparatus is driven by exchange with PI-4P in the Golgi apparatus. PI-4P is then transported to the ER and dephosphorylated by the PI-4P phosphatase Sac1. The exchange of cholesterol and PI-4P by OSBP is a dynamic process that is envisioned to occur transiently at ER-Golgi contact sites through interaction of the PH domain with PI-4P and Arf1 and the two phenylalanines in an acidic tract domain with the ER-resident protein vesicle-associated membrane protein-associated protein A (VAPA), respectively (18 -20) . In contrast, 25OH binding shifts OSBP from the ER or cytoplasm to Golgi-ER contact zones. Retention of OSBP at the ER-Golgi is interpreted as an inactive transport state caused by displacement of cholesterol or PI-4P by 25OH (9) . However, when activated by 25OH at the ER-Golgi interface, 1) OSBP recruits ceramide transfer protein (CERT), leading to increased sphingomyelin synthesis in the Golgi apparatus (21); 2) OSBP recruits phosphatidylinositol/phosphatidylcholine transfer protein Nir2 (22) ; and 3) OSBP increases sterol-regulated PI4K II␣ activity in a post-Golgi compartment, which is required for CERT recruitment and SM synthesis (23) .
A feature of the countercurrent cholesterol transfer model is the displacement of PI-4P from OSBP by 25OH at the ER-Golgi membrane contact sites leading to increased PI-4P levels due to lack of transport to the ER for degradation (15) . However, the relative affinity of OSBP for its ligands and the concentration of these ligands at contact sites are unknown, indicating the potential for more complex exchange reactions. With this in mind, exogenous PI-4P-specific probes and mass analysis were used to demonstrate that 25OH-dependent localization of OSBP at ER-Golgi contacts does not affect total PI-4P levels but causes a substantial redistribution of probe-accessible PI-4P pools. The establishment of a PH domain-accessible pool of PI-4P by OSBP would recruit proteins, such as CERT and Nir2, to the ER-Golgi interface.
Experimental Procedures
Cell Culture and Transfection-CHO-K1 cells stablyexpressing an OSBP-specific shRNA (CHO-shOSBP) or a nontargeting control shRNA (CHO-shNT) were cultured in DMEM with 5% FCS, proline (35 g/ml), and blasticidin (1 g/ml) (12) . Routine monitoring by immunoblotting indicated Ͼ90% reduction in OSBP expression in CHO-shOSBP cells compared with the CHO-shNT controls (see Figs. 3 and 10). Primary human skin F8 fibroblasts were cultured in DMEM with 10% FCS. Recombinant OSBP, OSBP-H524A/H525A, OSBP-R109E/R110E, and OSBP-⌬432-435 (His-tagged on the C terminus) were expressed and purified from Sf21 cells by metal-affinity chromatography (12) .
Fluorescence Microscopy-Immunostaining of PI-4P was conducted as described (24) . Briefly, cells cultured on glass coverslips were fixed with 2% (v/v) formaldehyde in phosphatebuffered saline (PBS: 150 mM NaCl and 10 mM phosphate, pH 7.4) for 10 min and permeabilized in PBS containing 12 M digitonin and 100 mM glycine for 20 min. Coverslips were incubated with an anti-PI-4P IgM monoclonal antibody (Echelon Biosciences, Salt Lake City UT) in PBS containing 1% (w/v) BSA at 4°C for 12-16 h, followed by an AlexaFluor-conjugated secondary antibody for 1 h at 20°C. Co-immunostaining for giantin, OSBP, or TGN46 was compatible with this method. PI-4P was detected on the plasma membrane by fixing cells in 4% (w/v) formaldehyde and 2% (w/v) glutaraldehyde and permeabilizing in 5% (v/v) goat serum and 0.5% (w/v) digitonin on ice. In experiments not involving PI-4P detection, cells were fixed in 4% (w/v) paraformaldehyde and permeabilized with 0.05% (v/v) Triton X-100 at 4°C prior to antibody incubation. Coverslips were mounted on glass slides with Mowiol 4-88. A Zeiss LSM510/Axiovert 200 M inverted microscope with a Plan-Apochromat ϫ100/ 1.40 NA oil immersion objective was used for confocal imaging. Wide field images were captured using a Zeiss Axiovert 200 M fluorescence microscope with an Axiocam HRm CCD camera and a ϫ100/1.4 NA oil-immersion objective.
Fluorescent intensity of PI-4P immunostaining in cellular compartments was quantified using ImageJ software as described previously (25) . Briefly, the "analyze particles" command was used to quantify intensity of 8-bit images of PI-4P-stained cells that were processed for background and threshold. To acquire Golgi and non-Golgi fluorescence intensity, a dilated mask was created from corresponding images of Golgi-specific markers (giantin or TGN46), overlaid on PI-4P images using the "image calculator" command, and quantified. Fluorescence intensity was normalized to the number of cells in each field. mCherry-P4M (26) was used to visualize PI-4P in the Golgi apparatus of CHO cells by expression with yellow fluorescent protein (YFP)-Golgi (YFP fused to the N-terminal membrane domain of 1,4-glucosyltransferase, Clontech). Cells cultured in glass bottom dishes were mounted in the humidified temperaturecontrolled chamber of a Zeiss inverted microscope and imaged using a Yokogawa spinning disc confocal unit equipped with 488and 561-nm laser/filter sets, an Axiocam Hrm CCD, and a ϫ63 (1.4 NA) oil immersion objective. For fluorescence recovery after photobleaching experiments (FRAP), cells were cultured and transfected as described above, and expression of YFP-Golgi was used to select Golgi-associated mCherry-P4M for bleaching. A region of interest in the Golgi was bleached with the 561-nm laser set at 80% intensity. Pre-and post-bleach images were acquired at 50-ms intervals with a 561-nm laser/filter sets and an Evolve Photonics CCD. Fluorescent recovery in the region of interest was corrected for background fluorescence and loss of total fluorescence, and the data were fit to a bottom-to-span single exponential association algorithm using GraphPad Prism (version 6.0).
The PH domain of OSBP-related protein (ORP4) fused to GFP (GFP-ORP4-PH) was used to detect Golgi PI-4P in transiently transfected CHO-shNT and CHO-shOSBP cells (27) . Fluorescence intensity in the Golgi apparatus in fixed or living cells was quantified by ImageJ analysis as described above.
Quantitation of Phosphoinositides by Mass Spectrometry-Phosphoinositides in CHO cells and fibroblasts were quantified by the phosphate methylation method and liquid chromatography-mass spectrometry (28) . Cells (1-2 ϫ 10 5 ) were rinsed once with cold PBS and scraped in 0.5 ml of 1 M HCl into a polypropylene tube. A sample was removed for protein quantitation. Following centrifugation, cell pellets were resuspended in 170 l of water, 750 l of methanol/chloroform/water (0.5/ 0.25/0.25, v/v), and 1 ng of internal standard (C17:0/C20:4 PI-4P or C17:0/C20:4 PI-4,5P 2 from Avanti Polar Lipids, Alabaster, AL) for 10 min at 20°C. Chloroform (725 l) and 2 M HCl (170 l) were added, mixed, and centrifuged for 5 min at 1,500 ϫ g. The lower phase was collected and washed once with upper phase mix (methanol, chloroform, 0.01 M HCl, 0.54:0.26: 0.2, v/v). The organic phase was derivatized with 10 l of 2 M trimethylsilyl diazomethane (Sigma) for 10 min at 20°C and terminated with 6 l of glacial acetic acid. Following two washes with 700 l of methanol/chloroform/water (0.54:0.26: 0.2, v/v), the organic phase was dried and redissolved in 80 l of methanol and 20 l of water. Lipid extracts were applied to a C4-reverse phase column (Phenomenex, Torrance, CA), eluted with a 20 -98% acetonitrile/water gradient (containing 0.1% formic acid) at a flow rate of 15 l/min, and infused into an ABSciex 4000 Qtrap mass spectrometer run in the positive ion mode. Multiple reaction monitoring was used to identify five different phosphatidylinositol monophosphate (PIP) and phosphatidylinositol diphosphate (PIP 2 ) species based on fragmentation of selected parent ions into a characteristically charged diacylglycerol fragment and a second monoacylglycerol derivative that were used to identify the fatty acid composition of the parent ion. Response ratios were calculated from the integrated area ratios for the lipid species and internal standard and expressed relative to total cell protein. tified as described previously (21) . [ 3 H]Serine incorporation into lipids was expressed relative to total cellular protein.
Sterol and PI-4P Binding Activity of OSBP-The [ 3 H]cholesterol and [ 3 H]25OH binding activities of OSBP and OSBP-
H524A/H525A was measured by the metal-affinity resin binding and charcoal-dextran methods, respectively (12) . Specific binding was calculated by subtraction of total binding from that in the presence of a 40-fold excess of unlabeled sterol.
[ 32 P]PI-4P was purified by thin layer chromatography of lipid extracts of HeLa cells that were radiolabeled with [ 32 P]phosphate (5 mCi/ml) for 18 h (12). [ 32 P]PI-4P (2,000 -5,000 dpm) was mixed with phosphatidylcholine, PE, PS, lactosyl-PE, and PI-4P (58:20:10:10:2, mol/mol), dried under nitrogen, and rehydrated in liposome buffer (25 mM HEPES, 150 mM NaCl, and 1 M EDTA, pH 7.4). Liposomes were prepared by extrusion of the lipid mixture through 200-nm filters and pre-cleared at 15,000 ϫ g for 5 min. Recombinant OSBPs (0 -200 pmol) were incubated with liposomes (10 nmol) and 3 g of BSA in liposome buffer for 20 min at 25°C in a volume of 80 l. The reaction was terminated on ice, and Ricinus communis lectin was added for 5 min. Samples were centrifuged for 5 min at 15,000 ϫ g, and radioactivity in the supernatant was quantified by liquid scintillation counting. Extraction was expressed as a percentage of total [ 32 P]PI-4P input and corrected for extraction in the absence of OSBP.
Binding of recombinant OSBP to PI-4P immobilized on nitrocellulose was determined as described previously (12) . Briefly, increasing concentrations of PI-4P (0 -250 nmol) were spotted on Hi-Bond C membranes, hydrated in blocking buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 3% (w/v) BSA, and 0.1% (v/v) Tween 20), and incubated with 50 nM OSBP, OSBP-H524A/H525A and OSBP-R109E/R110E for 1 h at 4°C. OSBPs were visualized with an 11H9 monoclonal and IRDye-800-conjugated secondary antibody and quantified with an Odyssey Imaging System and application software version 3.0 (LI-COR Biosciences, Lincoln, NE).
Immunoblotting-Total cell lysates or detergents extracts were solubilized in SDS-PAGE sample buffer (12.5% SDS, 30 mM Tris-HCl, 12.5% glycerol, and 0.01% bromphenol blue, pH 6.8), heated at 90°C for 5 min, separated on SDS-PAGE, and transferred to nitrocellulose. Proteins were visualized by incubation with primary antibodies followed by IRDye-800 or -680conjugated secondary antibodies and quantified with an Odyssey Imaging System as described above. 
Results
Antibody Detection of Golgi PI-4P Is Inhibited by 25OH and OSBP-Fluorescent-tagged phosphoinositide-binding proteins and antibodies are increasingly used to probe the distribution and concentration of phosphatidylinositol polyphosphates in cell membranes (29) . We employed antibody and transfected headgroup probes to determine whether Golgi PI-4P content was affected by OSBP and 25OH. Initially, PI-4P was visualized in human fibroblasts by immunostaining the Golgi apparatus with a monoclonal antibody ( Fig. 1) (24) . Confocal imaging of 25OH-treated fibroblasts immunostained for PI-4P revealed prominent co-localization with TGN46 compared with the cisand medial-Golgi protein giantin (Fig. 1, A and B , and associated line graphs). Endogenous OSBP localizes to the trans-Golgi and TGN (23) . However, the correlation coefficient for PI-4P and OSBP in 25OH-treated cells (Fig. 2C ) was similar to that for giantin, suggesting that OSBP is shifted toward earlier Golgi compartments or it interferes with PI-4P detection. Colocalization of OSBP and PI-4P (based on Pearson's correlation coefficients) was similar in untreated cells and those treated with 25OH for up to 6 h (Fig. 1D) .
Although the extent of OSBP and PI4P co-localization in the Golgi apparatus of fibroblasts was unchanged by 25OH treatment, there was a progressive decline in Golgi-associated PI-4P immunostaining that coincided with OSBP localization to the organelle ( Fig. 2A) . Quantitation of PI-4P fluorescent intensity revealed a 60 -70% reduction in Golgi-associated and total PI-4P during a 6-h treatment with 25OH ( Fig. 2B ). PI-4P in the plasma membrane of fibroblasts, detected using a modified immunostaining technique (24), was not affected by oxysterol treatment (Fig. 2C ). PI-4P immunostaining was also quantified in CHO-shNT or CHO-shOSBP cells treated with 25OH for up to 6 h (Fig. 3A) . The antibody primarily detected PI-4P in the perinuclear Golgi apparatus of CHO cells (for example see Fig.  9 ). Similar to results with fibroblasts, 25OH treatment caused a progressive decline in total PI-4P fluorescence in CHO-shNT cells that was significant by 2 h. PI-4P fluorescence intensity in CHO-shOSBP cells was significantly reduced compared with untreated CHO-shNT cells but not further reduced by 25OH treatment. OSBP also associates with the Golgi apparatus when cells are depleted of cholesterol with methyl-␤-cyclodextrin (30, 31) . Similar to results using 25OH, methyl-␤-cyclodextrin treatment of CHO-K1 cells significantly reduced immunodetection of Golgi PI-4P after 2 h (Fig. 3B) .
Imaging of PI-4P with antibodies is a potentially biased method that is subject to competition from other PI-4P-binding proteins (24) . An alternative approach is to transfect PI-4Pbinding modules fused to a fluorescent protein to detect PI-4P in the organelles of live cells. The PI-4P binding domain (P4M) of the Legionella pneumophila SidM protein was recently characterized as an unbiased probe that recognizes the headgroup of PI-4P in the Golgi apparatus, plasma membrane, and endosomes of live cells (26) . We transiently expressed mCherry-P4M and a Golgi-specific marker (YFP-Golgi) in CHO-shNT and CHO-shOSBP cells, followed by exposure to 25OH or control solvent. Live cell imaging by spinning disc confocal microscopy revealed that mCherry-P4M was distributed throughout the cell but concentrated in the Golgi apparatus with the YFP-Golgi marker (Fig. 4A ). Quantification of fluorescence intensity indicated that Golgi-associated mCherry-P4M was not significantly affected in CHO-shNT or CHO-shOSBP cells after 25OH treatment for 4 h (Fig. 4B ). The dynamics of mCherry-P4M association with Golgi PI-4P in OSBP-depleted and oxysterol-treated cells was assessed by FRAP. The recovery of photo-bleached mCherry-P4M (identified by co-localization with YFP-Golgi) over a 15-min time course was also not significantly different between the treatment groups (Fig. 4, C and D) . Thus, in contrast to immunostaining results, the presence or absence of OSBP and/or 25OH does not affect the accessibility of Golgi PI-4P to the P4M probe.
PH domains fused to fluorescent proteins are also used to detect PI-4P in cells. However, these probes are often biased or context-dependent, for example detecting PI-4P associated with Arf1 in the case of OSBP and FAPP2 (32) . Cells overexpressing OSBP and treated with 25OH displayed increased association of the GFP-OSBP-PH domain with the Golgi apparatus, suggesting expansion of a PH domain-specific pool of PI-4P that is displaced from OSBP by oxysterol (15) . We conducted a similar experiment using GFP fused to the ORP4 PH domain, which has conserved PI-4P and Arf1-binding residues found in the structurally related OSBP PH domain (33) and primarily recognizes PI-4P in the Golgi apparatus (27) . When transiently expressed and imaged in fixed CHO-shNT cells, GFP-ORP4-PH showed significantly increased association with the Golgi apparatus after 25OH treatment (Fig. 4, E and F) . This response was completely blocked in CHO-shOSBP cells, which had levels of Golgi GFP-ORP4-PH similar to untreated CHO-shNT cells. Similar results were obtained when GFP-ORP4-PH was imaged and quantified in live cells (result not shown). Thus, our results with three different probes suggest that OSBP and its oxysterol ligand shift the distribution of PI-4P pools within the Golgi apparatus.
Effect of 25OH and OSBP Depletion on Phosphoinositide Mass-The differential detection of Golgi PI-4P by antibody, PH domain, and P4M probes could be due to changes in PI-4P mass. This was addressed by quantifying the major molecular species PIP and PIP 2 by liquid chromatography-mass spectrometry and multiple reaction monitoring (28) . Although this method does not separate monophosphate regioisomers, PI-4P is the most abundant species in mammalian cells, and thus changes in PI-4P should be reflected in total PIP mass (34) . In this regard, RNAi depletion of Sac1 in HeLa cells, which should elevate PI-4P levels, resulted in a 20 -25% increase in PIP mass (results not shown). In fibroblasts, the abundant PIP-18:0/20:4 species was significantly increased after 4 h of 25OH treatment (Fig. 5A ). However, less abundant PIP species and total PIP mass were not significantly affected by 25OH treatment (Fig. 5, A and C) . In contrast, PIP 2 -18:0/20:4 and the less abundant PIP 2 molecular species (Fig. 5B) , as well as total PIP 2 mass (Fig. 5C) , were significantly increased by 25OH treatment.
The effect of OSBP depletion and 25OH on PIP mass in CHO cells was also quantified. In CHO-shNT cells, individual PIP molecular species (Fig. 6A ) and total PIP mass (Fig. 6C) were not affected by treatment with 25OH. The distribution of PIP molecular species in CHO-shOSBP cells was also unaffected by 25OH. However, PIP-18:0/18:1 was significantly reduced in CHO-shOSBP cells compared with shNT controls (Fig. 6A) , and there were minor reductions of other molecular species as well as total PIP mass. The distribution of PIP 2 molecular species followed a similar trend, with only minor changes in molecular species and total PIP 2 mass (Fig. 6, B and C) . PIP and PIP 2 mass was also measured indirectly by [ 32 P]phosphate incorporation (Fig. 6D) . Under steady-state labeling conditions, there was no difference in the level of radioactive PIP and PIP 2 between the treatment groups. Mass analysis suggests that OSBP expression and 25OH have a minimal effect on total cellular PIP levels.
Immunodetection of PI-4P Is Dependent on the PI-4P Binding Activity of OSBP-Because cellular PIP mass and Golgi PI-4P (detected with the P4M probe) were unaffected by OSBP expression or 25OH, results with the biased antibody and GFP-ORP4-PH probes appear to indicate a shift in the accessibility of PI-4P at ER-Golgi contact sites. To address this, we determined whether the reduction in Golgi PI-4P immunostaining afforded by 25OH treatment was a function of OSBP expression and its sterol and PI-4P binding activity. These studies required the identification and characterization of OSBP mutants with restricted binding of PI-4P or sterols. Sterol binding-defective OSBP-⌬432-435 (referred to hereafter as OSBP-SBD) (21) and OSBP-H524A/H525A, a PI-4P binding mutant in which two histidine residues that interact with the PI-4P headgroup are mutated to alanine (referred to hereafter as OSBP-HH/AA), were expressed and purified from insect cells by affinity chromatography (Fig. 7A) . The purified proteins were assayed for PI-4P and sterol binding activity. As expected, the extraction of [ 32 P]PI-4P from liposomes by OSBP-HH/AA was reduced by Ͼ95% compared with OSBP or an OSBP PH domain mutant (R109E/R110E, referred to hereafter as OSBP-RR/EE) (Fig. 7B) . The 25OH binding activity of OSBP-HH/AA was similar to wild-type OSBP (Fig. 7C ), but maximal cholesterol binding was reduced by 50% ( Fig. 7D ). OSBP-HH/AA had normal binding to PI-4P that was immobilized on filters, suggesting that its PH domain is functional in vitro (Fig. 7F) . Thus, OSBP-HH/AA is a sterol-only binding mutant. The binding of 25OH and cholesterol by OSBP-SBD was almost undetectable (Fig. 7, C and D) . [ 32 P]PI-4P extraction by OSBP-SBD was ϳ25% of wild-type OSBP activity (Fig. 7) , indicating that OSBP-SBD does not bind cholesterol or 25OH but has residual PI-4P binding activity.
The influence of defective PI-4P and sterol binding on OSBP localization in the ER-Golgi was assessed by transiently expressing mCherry-tagged versions of wild type and mutants in CHO-shOSBP cells and immunostaining for VAPA and the cis-medial Golgi marker giantin. As shown previously (12) , mCherry-OSBP is localized with VAPA in the ER of untreated cells but is shifted to the perinuclear Golgi region by 25OH treatment (Fig. 8A) . OSBP-SBD co-localized with VAPA in both control and 25OH-treated cells (21) . Similarly, mCherry-OSBP-SBD was constitutively localized with VAPA (results not shown, and did not associate with giantin upon exposure of cells to 25OH (Fig. 8A) . In untreated CHO-shOSBP cells, mCherry-OSBP-HH/AA was expressed in the Golgi apparatus and did not localize with VAPA (Fig. 8B) . After 25OH treatment, mCherry-OSBP-HH/AA remained in the Golgi compartment but also showed substantial co-localization with endogenous VAPA in the perinuclear region. To summarize, the inability to bind sterols results in retention of OSBP-SBD with VAPA in the ER, whereas the PI-4P-binding mutant OSBP-HH/AA was constitutively in the Golgi apparatus but recruited VAPA in the presence of 25OH.
To determine whether the ligand binding activity of OSBP influenced immunostaining of PI-4P, mCherry-OSBP and the ligand-restricted mutants were transiently expressed in CHO-shOSBP cells followed by PI-4P immunostaining. As shown in Fig. 9 , A and D, transient expression of OSBP reduced immunodetection of PI-4P compared with non-transfected cells in the same field irrespective of 25OH treatment. Importantly, PI-4P fluorescence intensity in cells expressing OSBP-HH/AA, treated with or without 25OH, was similar to non-transfected cells (Fig. 9, B and D) . Control and 25OH-treated cells expressing OSBP-SBD had reduced immunostaining for PI-4P ( Fig. 9 , C and D). Collectively these data show that immunodetection of Golgi PI-4P is blocked by expression of OSBP that has full or partial PI-4P binding activity and that 25OH is ineffective in displacing PI-4P.
We previously showed that OSBP-SBD was unable to restore 25OH-dependent recruitment of CERT and ceramide delivery to the Golgi apparatus for activation of SM synthesis in CHO-shOSBP cells (21) . Similar experiments were performed with OSBP-HH/AA to determine whether this mutant had impaired activity ( Fig. 10 ). CHO-shNT cells displayed a 2.5-fold increase in SM synthesis in response to 25OH treatment (Fig. 10A ). Activation of SM synthesis by 25OH was absent in CHO-shOSBP cells but restored by expression of shRNA-resistant pOSBP (Fig. 10, A and D) . In cells expressing pOSBP-HH/AA, SM synthesis was increased 1.7-fold in untreated cells but not in the presence of 25OH ( Fig. 10A and D) . [ 3 H]Serine incorporation into glucosylceramide followed a similar pattern as SM synthesis, but the magnitude of activation by 25OH was less ( Fig. 10B ). Ceramide synthesis was not affected by OSBP expression or 25OH (Fig. 10C ) nor was isotope incorporation into PE or PS (results not shown). The inability of OSBP-HH/AA to restore SM synthesis suggests that PI-4P binding is necessary for 25OH activation of SM synthesis.
Discussion
Mammalian OSBPs and yeast homologues are proposed to use existing PI-4P gradients for the countercurrent transfer of other lipids and sterols between membranes (9, 11, 35) . 25OH inhibits the OSBP-mediated exchange of cholesterol and PI-4P between liposomes in vitro, but it activates an alternative pathway for the transport and synthesis of sphingolipids and phosphoinositides in the Golgi apparatus (12, (21) (22) (23) . This pathway requires PI-4P that could arise by OSBP-dependent mechanisms that involve displacement of PI-4P by oxysterols or by active synthesis or recruitment of PI-4P. The results of our study favor the latter model in which 25OH causes OSBP to actively sequester a pool of PI-4P at Golgi-ER contacts that is available to recruit PH domains. Headgroup-specific probes have proven indispensable to monitor the location and movement of phosphoinositides in cells. However, competition with endogenous phosphoinositide-binding proteins and context specificity could alter headgroup accessibility and the readout from these probes. This situation arises when measuring PI-4P in the context of OSBP regulation. PI-4P detection in the Golgi apparatus with an antibody was inhibited by OSBP expression and PI-4P binding activity and was evident when endogenous OSBP was activated at the ER-Golgi interface by 25OH. In contrast, 25OH caused increased GFP-ORP4-PH localization to the Golgi apparatus in control CHO-shNT cells but not cells in which OSBP was silenced. These opposing results suggest that the antibody and GFP-ORP4-PH detect Golgi PI-4P in a context-dependent environment. This conclusion is supported by results with the unbiased probe P4M, PIP mass analysis, and radioactive labeling, all of which indicated that Golgi and cellular levels of PI-4P were unaffected by OSBP expression and 25OH. Because PI-4P mass is unaffected, readout from the context-dependent probes suggests that 25OH activation of OSBP converts PI-4P from an antibody-accessible form to one that is detected by the ORP4-PH domain probe. The PI-4P-specific antibody appears to be very sensitive to sequestration of its antigen by other PI-4P-binding proteins. Indeed, we observed that immunodetection was inhibited by the PI-4P binding activity of the OSBPrelated protein 9, a family member that functions at the Golgi apparatus (36) . However, the ORP4 PH domain detects a pool of PI-4P that is enhanced by oxysterol activation of OSBP, possibly concentrated at the ER-Golgi contacts sites and in close association with Arf1.
The apparent lack of effect of OSBP expression on PI-4P levels contrasts with the role of Osh4p in yeast PI-4p homeostasis (37, 38) . Loss of Osh4p function resulted in increased PI-4P mass and probe detection as a result of decreased catabolism by Sac1 at the Golgi apparatus or plasma membrane (35, 38) . The lack of effect of OSBP expression on PI-4P mass suggests that its primary function is to regulate PI-4P distribution and not catabolism. However, we cannot rule out the possibility that residual OSBP in shRNA-silenced cells is sufficient to catalyze countercurrent transport and catabolism of PI-4P. In this scenario, PI-4P sequestration at the ER-Golgi contact sites would be more sensitive to the absolute level of OSBP expression.
Our results showing that OSBP activation by 25OH leads to increased association of GFP-ORP4-PH with the Golgi apparatus agree with results using an OSBP-PH domain probe (15) . However, the interpretation that 25OH is displacing and increasing Golgi PI-4P and interrupting the cholesterol exchange cycle is not consistent with results using other PI-4P probes. Addition of 25OH decreased immunodetection of PI-4P in the absence of any apparent changes in total Golgi PI-4P (based on the P4M probe), arguing against the competitive displacement of PI-4P from the OSBP OHD by 25OH. Instead of increasing Golgi PI-4P by interrupting the OSBP transfer cycle, we propose that OSBP binds 25OH at an ER-Golgi interface where it is exchanged for PI-4P, which remains sequestered in the immediate environment of the membrane contact site (Fig.  11 ). OSBP at membrane contact sites would increase the local concentration of PI-4P (and perhaps Arf1), generating a membrane platform for recruitment of other transport proteins with structur- ally related PH domains that recognize PI-4P, such as CERT (39) . Recruitment of CERT would increase ceramide transport to the Golgi apparatus for SM synthesis (21, 23) .
The concept of exchange and sequestration of PI-4P as a requirement for activation of SM synthesis by 25OH is also supported by studies with ligand-restricted mutants of OSBP. OSBP-SBM was constitutively associated with VAPA in the ER, presumably due to its inability to bind sterols. Although this mutant sequestered PI-4P from immunodetection, it did not localize to the ER-Golgi interface and was inactive. The PI-4Pbinding mutant OSBP-HH/AA was atypically localized to the Golgi apparatus in untreated cells but was recruited to an ER-Golgi interface in the presence of 25OH. Despite localizing to an ER-Golgi interface, OSBP-HH/AA did not restore SM synthesis in OSBP-depleted CHO cells. The constitutive localization of OSBP-SBM and OSBP-HH/AA in the ER and Golgi, respectively, in the absence of 25OH is consistent with an exchange function that involves cholesterol binding in the ER and PI-4P binding in the Golgi apparatus. The inability of either mutant to activate SM synthesis in the presence of 25OH suggests that OSBP must initially bind 25OH to access the ER-Golgi contact site but then exchange with PI-4P to establish a pool that recruits CERT. An intriguing finding was the partial activation of SM synthesis by OSBP-HH/AA in the absence of 25OH, the opposite result observed for wild-type OSBP. The loss of PI-4P binding to OSBP-HH/AA could enhance its interaction with sterols or another endogenous ligand(s) that promotes the activation of SM synthesis. Based on binding of a variety of natural products and drugs by OSBP (40 -42) , the endogenous ligands for OSBP could be structurally diverse and not restricted to sterols and phospholipids.
Our results showing the reorganization of Golgi PI-4P pools provide a plausible mechanism for OSBP-mediated recruitment of CERT and stimulation of SM synthesis. The sequestration of PI-4P by OSBP within the ER-Golgi contact site environment would not only recruit other PH domain proteins but also further stabilize the membrane contact.
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